Abstract: Fibrillar accumulation of A53T mutant α-synuclein (A53T-AS) in Lewy bodies is a symptom of Parkinsonism. Inhibitions of the overexpression and fibrillar aggregation of α-synuclein (AS) in vivo could be a promising strategy for treating Parkinson's disease (PD). In this study, at concentrations lower than 1 mM, trehalose decreased the A53T-AS expression level in transduced PC12 cells. Although H 2 O 2 and aluminum ions increased the expression level and neurotoxicity of A53T-AS in cells, proper trehalose concentrations inhibited the event. These studies adequately prove that trehalose at an appropriate dose would be potentially useful for PD treatment.
Introduction
Parkinson's disease (PD) is the second most common disease among nine inherited devastating neurological disorders. Clinically, PD is a slowly progressive movement disorder characterized by tremor, muscle rigidity, imbalance, and bradykinesia. These symptoms are due to the progressive loss of dopaminergic neurons from the substantia nigra, which is a small area in the midbrain. Moreover, some surviving nigral dopaminergic neurons contain cytosolic filamentous inclusions, known as Lewy bodies and Lewy neurites [1] .
α-Synuclein (AS) is an intrinsically disordered protein [2] [3] [4] that localizes within presynaptic terminals in the central nervous system, and is the main component of Lewy bodies [5] . Genetic duplication or triplication of the AS locus causes severe PD [6] . Moreover, mutants of A53T, A30P, E46K, G51D, and H50Q in AS are responsible for familial PD [7] [8] [9] . Although mutations of AS occur infrequently, they share many of the phenotypic characteristics observed in sporadic PD, and thus could still aid in the revelation of the key biochemical and pathogenic pathways either in genetic or sporadic PD [10] . To date, transgenic mice and flies with the expression of human wild-type or mutant AS exhibited the abnormal cellular accumulation of AS and neuronal dysfunction [11] , which implies that AS plays a role in the pathogeneses of both familial and sporadic PD. Moreover, recent reports demonstrated that the intracellular overexpression of AS increased the generation of intracellular reactive oxygen species (ROS), such as H 2 O 2 , caused mitochondrial dysfunction and cell death [12, 13] , and regulated intracellular transportation, including synaptic vesicle fusion and neurotransmitter release [14] .
Currently, PD is considered to be an "environmental" disease [15] . The postmortem analysis of brain tissues from PD patients confirmed considerably increased contents of metal ions, such as iron, zinc, and aluminum ions in the Parkinsonian substantia nigra [16] . Those metal ions have been capable of triggering the structural transformation, β-sheet-rich aggregation, and fibrillation of AS [17] . Among those metals, aluminum ion (Al (III)) is the most efficient element to accelerate the formation of toxic aggregate species of AS [18] . Therefore, inhibition of the overexpression and production of neurotoxic species of AS could be effective treatments for PD.
Trehalose is a non-reduced disaccharide ( Figure 1 ) that has attracted concern recently. In the recent work of Yu et al. [19] , at a relatively low concentration, trehalose can inhibit the fibrillation of A53T mutant α-synuclein (A53T-AS) in vitro and even disaggregate the preformed fibrils and protofibrils into the random coil, whereas at higher concentration, trehalose inhibits the formation of fibrils and stabilizes the A53T-AS oligomers. However, on a cellular basis, the neuroprotection mechanism of trehalose still remains unknown, and the manner to control trehalose to an appropriate level for PD treatment would be a challenge before the strategy comes into clinical applications. capable of triggering the structural transformation, β-sheet-rich aggregation, and fibrillation of AS [17] . Among those metals, aluminum ion (Al (III)) is the most efficient element to accelerate the formation of toxic aggregate species of AS [18] . Therefore, inhibition of the overexpression and production of neurotoxic species of AS could be effective treatments for PD.
Trehalose is a non-reduced disaccharide ( Figure 1 ) that has attracted concern recently. In the recent work of Yu et al. [19] , at a relatively low concentration, trehalose can inhibit the fibrillation of A53T mutant α-synuclein (A53T-AS) in vitro and even disaggregate the preformed fibrils and protofibrils into the random coil, whereas at higher concentration, trehalose inhibits the formation of fibrils and stabilizes the A53T-AS oligomers. However, on a cellular basis, the neuroprotection mechanism of trehalose still remains unknown, and the manner to control trehalose to an appropriate level for PD treatment would be a challenge before the strategy comes into clinical applications. The present work aimed to investigate the effect of trehalose at concentrations lower than 10 mM on the overexpression of A53T-AS, and the neuroprotection against the protein aggregation by using PC12 cells as model cells that induce A53T-AS expression. This problem has been receiving limited attention in the past research. We also sought to demonstrate trehalose as a neuroprotective agent for the treatment of PD.
Results

Inhibitory Effect of Trehalose on the Expression of A53T-AS in the Transduced PC12 Cells
To reveal the effect of trehalose on A53T-AS overexpression, we employed the rat pheochromocytoma cell line PC12 expressing A53T-AS. Figure 2 shows that, at a concentration lower than 1 mM, trehalose inhibited A53T-AS expression after co-incubation for 48 h, whereas A53T-AS expression was promoted with trehalose at concentrations higher than 1 mM in a dose-dependent manner. Moreover, cytoplasmic inclusions containing A53T-AS (red) and the mitochondrial membrane potential (MMP, green) monitored by the fluorescent dye Rh123 were observed by using LSCM (Figure 3 ). The Rh123 probe is a cell-permeable cationic dye that preferentially enters into mitochondria based on highly negative MMP. Figure 3 shows that when cells were treated with 1 mM trehalose, A53T-AS expression was slightly inhibited, and the MMP level was not obviously reduced, compared with control cells without trehalose. By contrast, the MMP level was significantly reduced, and cells were obviously damaged, when cells were treated with 10 mM trehalose. The effect of trehalose on the morphology of cells was also observed by labeling actin filament with phalloidin (yellow). After 48 h of treatment, the morphologies of cells treated with 10 mM trehalose were severely damaged and shrank, whereas those treated with 1 mM trehalose displayed a normal spindle-like morphology ( Figure 3) . Figure 4 shows that at the co-incubation of transduced PC12 cells with 100 µM H2O2 and 2 µM Al (III), A53T-AS expression level was significantly higher than that with 5 mM trehalose. To study the effect of trehalose on the Al (III)-induced expression of A53T-AS, transduced PC12 cells were incubated with 2 µM Al (III) along with 5 mM trehalose. Compared with those samples solely containing Al (III) or trehalose, A53T-AS expression was apparently inhibited by Al (III) and trehalose ( Figure 4 ). To further study the effect of trehalose on H2O2-induced A53T-AS expression, transduced PC12 cells were incubated with 100 µM H2O2 along with 5 mM trehalose. Compared with those The present work aimed to investigate the effect of trehalose at concentrations lower than 10 mM on the overexpression of A53T-AS, and the neuroprotection against the protein aggregation by using PC12 cells as model cells that induce A53T-AS expression. This problem has been receiving limited attention in the past research. We also sought to demonstrate trehalose as a neuroprotective agent for the treatment of PD.
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Effect of Trehalose on the Viability of the Transduced PC12 Cells
The effect of trehalose on the viability of transduced PC12 cells with or without H2O2 and Al (III) was studied by 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay ( Figure 6 ). Figure 6a shows that when there was co-incubation of the transduced PC12 cells with trehalose at concentrations lower than 1 mM for 48 h, a slight reduction in the viability of transduced PC12 cells was observed, compared with that of the control group (without trehalose). In contrast, at coincubation of transduced PC12 cells with trehalose at concentrations higher than 1 mM, the transduced PC12 cell viability was reduced abruptly by 33%. Besides, at concentrations of 10 and 100 µM, H2O2 significantly attenuated the cell viability to 63% (Figure 6b) . Compared with the cell viability of those cells containing only 100 µM H2O2 or 5 mM trehalose, the cell viability with 5 mM trehalose and 100 µM H2O2 was obviously increased as co-incubation of transduced PC12 cells with 100 µM H2O2 and 5 mM trehalose furthered. However, in the presence of 1 mM trehalose with 100 µM H2O2, the cell viability was not apparently increased. Moreover, at concentrations of 2 and 10 µM, Al (III) significantly attenuated the cell viability to 68% (Figure 6c ). Further co-incubation of transduced PC12 cells with 2 µM Al (III) and 5 mM trehalose slightly increased the cell viability, compared with cells that solely contain Al (III) or trehalose. However, the cell viability was not apparently increased with 2 µM Al (III) and 1 mM trehalose. 
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Discussion
Understanding the impact mechanism of trehalose on A53T-AS overexpression and neurotoxicity on a cellular basis is a paramount issue for the development of trehalose for clinical applications. AS fibrillation plays an important role in neurodegeneration in Parkinson's disease; in particular, the oligomeric fibrillary aggregates of AS are toxic to neurons [20] . Combining results presented in this work and from previous work [19] , cellular experiments reported here provide an insight into the role of trehalose affecting A53T-AS overexpression and neurotoxicity. Protofibrils and soluble oligomeric aggregates are the primary toxic species, and are responsible for resultant diseases [21] . These protofibrils and oligomeric aggregates were formed during the early stage of protein aggregation, inducing the generation of ROS [21] . As in the present work, H2O2 is one of the ROS that induced the intracellular overexpression of A53T-AS. Considering the effect of trehalose on the fibrillation of A53T-AS in the previous work [19] , trehalose at concentrations lower than 1 mM in PC12 cells could exhibit a similar inhibitory effect on the fibrillation of A53T-AS as that of trehalose at the concentration of approximately 10 mM in the protein system on a molecular basis in vitro [19] . That the trehalose concentration required for the inhibition of A53T-AS fibrillation in cells is much lower than that in protein sample is reasonable, because A53T-AS expression level in transduced PC12 cells is much lower than that of the studied protein sample in vitro. Therefore, low trehalose 
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Sugar transportation onto cells is inhibited by several metals, such as nickel, cobalt, aluminum, and cadmium [23, 24] . The inhibition is involved in the interaction of those metals with the polyphosphate membrane, which causes a conformational change of protein at some active sites and hinders the sugar transportation. Although H 2 O 2 and Al (III) can accelerate the formation of A53T-AS toxic species, and the trehalose concentration (5 mM) itself is also toxic, the complex of Al (III) with trehalose could hinder the toxicity of Al (III) in cells by preventing A53T-AS conformational transition. However, when low trehalose concentrations were co-incubated with Al (III), the effect was not sufficiently strong to ameliorate Al (III) toxicity in cells.
Furthermore, the mutant A53T-AS was highly toxic [25] , and cell toxicity was caused directly by A53T-AS expression [13] . The induced A53T-AS expression in transduced PC12 cells could elevate the mitochondrial cytochrome C release and increase the endoplasmic reticulum stress and consecutively produce the excess ROS [13] , causing the oxidative stress [26] . Oxidative stress is common in the pathogenesis of age-related neurodegenerative diseases [27] . Two harmful effects emerged from the increased intracellular oxidative stress, as follows: the damage of cellular components, such as DNA and protein, and the activation of specific stress-signaling pathways [28] . These effects considerably led to the death of AS-induced cells [29] and influenced the cellular processes involved in PD [30] . Trehalose is an autophagy enhancer [31] capable of preserving the mitochondrial membrane integrity [32] and preventing behavioral and neurochemical deficits [33] . Mitochondrial damage results from the intracellular ROS production, which causes changes in the mitochondrial membrane potential during apoptosis [34] . In the present work, trehalose affected the mitochondrial morphology of cells. Low trehalose concentrations did not change the mitochondrial morphology; however, high trehalose concentrations disrupted the mitochondrial morphology, which decreased the MMP of cells. Therefore, we showed in Figure 6 that low trehalose concentrations increase the cell viability possibly by inhibiting the intracellular A53T-AS overexpression. In contrast, high trehalose concentrations attenuate the cell viability by increasing the intracellular A53T-AS overexpression. Lan et al. also demonstrated that high trehalose concentrations reduced cell viability [35] . They treated cells with 10~50 mM trehalose for 24 h, while we used relatively low concentrations (0.2~5 mM) incubated with cells for 48 h to investigate the effect of trehalose on A53T-AS transduced PC12 cells for an extended period of time. Although the used concentrations of trehalose were different, they have the same impact trend. Lan et al. suggested that trehalose promoted the clearance of A53T-AS, which was mediated through the macroautophagy pathway [31, 35] . It seems reasonable to speculate that this small molecule inhibits the overexpression of A53T-AS through a variety of different mechanisms. Furthermore, proper trehalose concentrations decrease the Al (III)-or H 2 O 2 -induced cell death by inhibiting the Al (III)-or H 2 O 2 -induced intracellular A53T-AS overexpression, and decreasing ROS in cells ( Figure 5 ).
Proper trehalose concentrations could inhibit the intracellular A53T-AS overexpression induced by Al (III) and H 2 O 2 , decrease the neurotoxicity of A53T, and protect the integrity of cells against the oxidative damage (Figure 7) . Thus, trehalose could be potentially used for PD treatment. As high trehalose concentrations are cytotoxic, the usage and dosage should be in accordance with the physical condition of patients' conditions in future applications. In order to achieve the maximum effect of trehalose as a neuroprotective agent for human use, strategies of shunning the drawbacks of high dosages are necessary. Controlled-release systems can critically improve its bioavailability, and weaken the cytotoxicity associated with high dosages, which is typically required for optimum response with a drug. Certainly, studying more intracellular pathways is necessary to elucidate the mechanism underlying trehalose inhibition of Al (III)-or H 2 O 2 -induced cell death. 
Materials and Methods
Generation of Constructs and Transduction of PC12 Cells
The PC12 cell is a cell line derived from a pheochromocytoma of the rat adrenal medulla and was purchased from Shanghai Institutes for Biological Sciences, CAS, Shanghai, China. PC12 cells that can overexpress the wild-type AS were prepared as described in our previous reports [36] . Briefly, PCR (Applied Biosystems, Waltham, MA, USA) was used to amplify the Open Reading Frame of human A53T-AS. PCR product was then cloned into a pDrive vector (Invitrogen). A53T-AS in pcDNA3.1 was subcloned in PatI-XhoI sites of a pLenti6/V5 expression vector (Invitrogen; Carlsbad, CA, USA) at the downstream of a cytomegalovirus promoter. The orientation and sequence of the construct were confirmed by restriction analysis and DNA sequencing. Then, lentiviral stocks produced by co-transfecting the optimized packaging plasmid mixture, and pLenti expressing construct into the 293T cell line, were produced according to the manufacturer's protocols (The ViraPower TM Lentiviral Expression System, Invitrogen), as previously described [37] . After A53T-AS in lentiviral stocks had been transduced into the PC12 cell line, the individual stably transduced colony was subsequently selected using blasticidin (Invitrogen). Finally, A53T-AS expression level was assessed by Western blot.
Cells Expressing A53T-AS Analyzed by Western Blot
The transduced PC12 cells expressing A53T-AS were grown in Dulbecco's modified Eagle's medium (DMEM) containing 6.7% horse serum, 3.3% fetal bovine serum (FBS), 1% L-glutamine (3.6 mM), and 1% penicillin/streptomycin antibiotics under 5% CO2 atmosphere at 37 °C. Cells were harvested from flasks and plated in six-well polystyrene plates (Corning Inc., New York, NY, USA) with 5  10 5 cells in 2.5 mL medium per well, and then incubated at 37 °C for 24 h to attach the plate. Two µM Al (III), 100 µM H2O2, and 0.2, 0.5, 1, 5 and 10 mM trehalose were then added individually to those samples. The selection of concentrations used for trehalose and H2O2 was based on our previous study [18] . The same volume of medium was added to control cultures (only PC12 cells present). Cells were then incubated further for 48 h at 37 °C. At the end of incubation, A53T-AS expression in cells was analyzed by Western blot method. Cells were lysed on ice in the lysis buffer with 1% Triton X-100, 50 mM Tris 
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Cells Expressing A53T-AS Analyzed by Western Blot
The transduced PC12 cells expressing A53T-AS were grown in Dulbecco's modified Eagle's medium (DMEM) containing 6.7% horse serum, 3.3% fetal bovine serum (FBS), 1% L-glutamine (3.6 mM), and 1% penicillin/streptomycin antibiotics under 5% CO 2 atmosphere at 37 • C. Cells were harvested from flasks and plated in six-well polystyrene plates (Corning Inc., New York, NY, USA) with 5 × 10 5 cells in 2.5 mL medium per well, and then incubated at 37 • C for 24 h to attach the plate. Two µM Al (III), 100 µM H 2 O 2 , and 0.2, 0.5, 1, 5 and 10 mM trehalose were then added individually to those samples. The selection of concentrations used for trehalose and H 2 O 2 was based on our previous study [18] . The same volume of medium was added to control cultures (only PC12 cells present). Cells were then incubated further for 48 h at 37 • C. At the end of incubation, A53T-AS expression in cells was analyzed by Western blot method. Cells were lysed on ice in the lysis buffer with 1% Triton X-100, 50 mM Tris (pH 7.4), 150 mM NaCl, 20 mM iodoacetamide, 1 mM PMSF, and 1% aprotinin for 30 min. After centrifugation at 12,000 g for 10 min, supernatants were collected. Protein concentrations in supernatants were determined by BCA method (Bio-Rad, Hercules, CA, USA). Before electrophoresis, cell lysates in supernatants were further diluted with SDS loading buffer (2.5% SDS, 0.38 M Tris, pH 6.8, 20% glycerol, and 0.1% bromophenol blue) and heated at 100 • C for 5 min. A total of 30 µg of lysate was separated by SDS-PAGE, and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The transformation to PVDF membrane was then blocked in TBST (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween-20, 5% non-fat milk) and probed by the rabbit anti-human AS primary antibody (1:1000, CST, Boston, MA, USA). The protein was detected using enhanced chemiluminescence reagents (ECL, Pierce, Waltham, MA, USA), according to the manufacturer's instruction. The intensity of each band was estimated by densitometric quantification using the Image Lab version 5.2.1 software (Bio-Rad). Data were collected from three independent experiments.
Immunofluorescence Microscopy
The transduced PC12 cells expressing A53T-AS were grown in Dulbecco's modified Eagle's medium (DMEM) containing 6.7% horse serum, 3.3% fetal bovine serum (FBS), 1% L-glutamine (3.6 mM), and 1% penicillin/streptomycin antibiotics under 5% CO 2 atmosphere at 37 • C. Cells were harvested from flasks and seeded on 0.01% poly-L-lysine-coated (Songon Biotech, Shanghai, China) glass slides in 12-well polystyrene plates (Corning Inc., New York, NY, USA), with 5 × 10 4 cells in 1 mL medium per well, and incubated at 37 • C for 24 h to attach the plate. Then, the pre-incubated medium in each well was aspirated carefully, and 1 mL fresh medium (DMEM containing 1% horse serum, 0.5% FBS, 1% L-glutamine (3.6 mM), and 1% penicillin/streptomycin antibiotics) with 0, 1, and 10 mM trehalose were added individually to each cell well. Cells were incubated for an additional 48 h at 37 • C, and then stained with 10 µM rhodamine 123 (Rh123) (Dojindo Laboratories, Kumamoto-ken, Japan) for 30 min. Cells were fixed in 4% (w/v) paraformaldehyde in phosphate buffer saline (PBS) for 20 min. Upon washing with PBS, cells were permeated with 0.1% Triton X-100 in PBS and blocked with 3% goat serum (Songon Biotech) in PBS for 30 min at room temperature, subsequently incubated with rabbit anti-human AS primary antibody (1:250, CST, Boston, MA, USA) for 1 h, and then incubated with a secondary antibody (1:250, goat anti-rabbit IgG conjugated to Alexa Fluor 647, CST, Boston, MA, USA) for 1 h. DAPI (4 ,6-diamidino-2-phenylindole, Songon Biotech) and TRITC-conjugated phalloidin (Yeasen, Shanghai, China) was used to label nuclei and actin filament, respectively. After a final washing with PBS, coverslips were mounted in the antifade mounting medium (Beyotime, Shanghai, China) and a laser scanning confocal microscope (LSCM, C2 + , Nikon, Tokyo, Japan) was applied to capture images.
Cell Viability Analysis by MTT Method
Transduced PC12 cells were grown in DMEM containing 6.7% horse serum, 3.3% FBS, 1% L-glutamine (3.6 mM), and 1% penicillin/streptomycin antibiotics under 5% CO 2 atmosphere at 37 • C. Cells were harvested from flasks and plated in 96-well polystyrene plates with 5.5 × 10 3 cells in 100 µL medium per well. Cells were incubated at 37 • C for 24 h to attach the plates. Then, the pre-incubated medium in each well was aspirated carefully, and 100 µL fresh medium (DMEM containing 1% horse serum, 0.5% FBS, 1% L-glutamine (3.6 mM), and 1% penicillin/streptomycin antibiotics) with 0.2, 0.5, 1, 2 and 5 mM trehalose or 10 and 100 µM H 2 O 2 or 2 and 10 µM Al (III) or their mixtures were added individually to each cell well. The same volume of medium was added to the control well (only PC12 cells present). Cells were then incubated for additional 48 h at 37 • C. At the end of incubation, 20 µL fresh DMEM with 3.3 mg/mL thiazolyl blue tetrazolium bromide was added to each well and incubated for additional 4 h at 37 • C for the formation of formazan crystals. The formed crystals were then dissolved by adding 100 µL DMSO in each well and shaking for 20 min at room temperature. The absorbance was measured at 490 nm by Bio-Rad multi-well assay plate reader, and averaged by five replicated wells for each sample and control. The cell viability was calculated by the ratio of the absorbance of studied groups to that of the control group. Data were collected from three independent experiments. Standard deviations were analyzed by one-way ANOVA packaged in Origin 7.5 software (OriginLab, Northampton, MA, USA).
